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Abstract
Precision Current Control for Quantum Cascade Lasers as Flight Calibration Sources
by
Stewart M. Hansen, Master of Science
Utah State University, 2014
Major Professor: Dr. Doran Baker
Department: Electrical and Computer Engineering
A space-grade-equivalent precision current controller for quantum cascade lasers (QCLs)
is presented. This current controller design will enable constant wave (CW) or pulsed mode
operation of QCL devices as calibration sources in a space environment. One major source of
sensitivity in current controllers is temperature variation across the electronics board. This
design integrates some methods used by Pacific Northwest National Laboratory (PNNL)
to compensate for these sensitivites. An uncertainty analysis of the key components of
the space-grade-equivialent current controller was performed to estimate changes in QCL
output power due to a change of 1◦C. The performed uncertainty analysis shows that the
design has the capability to control the current to within the 0.1% output power stability
goal with a change of ± 10◦C in the precision current controller electronics.
(61 pages)
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Public Abstract
Precision Current Control for Quantum Cascade Lasers as Flight Calibration Sources
by
Stewart M. Hansen, Master of Science
Utah State University, 2014
Major Professor: Dr. Doran Baker
Department: Electrical and Computer Engineering
The design of a precision current controller for quantum cascade lasers (QCLs) enables
QCLs to be used for calibrating instruments in space-borne applications. This current
controller design will enable constant wave (CW) or pulsed mode operation of QCL devices
as calibration sources in a space environment. Any differences in the temperature between
components of the current controller can result in an erroneous current through the QCL.
This design will use previously demonstrated techniques from Pacific Northwest National
Laboratory (PNNL) to minimize the effects of temperature changes on the desired current
levels. A mathematical model is used to calculate what performance levels can be expected,
and if the board can operate with a desired precision level of 0.1% of the desired power
output of the QCL. This mathematical model shows the capability to control to the desired
0.1% output power stability with a change in the boards temperature of ± 10◦C.
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1Chapter 1
Introduction
Optical remote sensing payloads on satellites are designed to make measurements of
the incoming radiance. Since satellites operate outside the Earth’s atmosphere as shown
in Figure 1.1, this exposes them to the radiation of the space environment. Radiation can
cause degradation in sensors and instruments as shown by examples from previous satellite
flights [1]. To counteract degradation of instruments there needs to be a standard with
which to compare the instruments’ output. For example, if the sensor is designed to measure
infrared radiation wavelengths then a source that emits the desired infrared radiation can
be used to compare with the instrument’s output. The source used for comparison is usually
referred to as a calibration source.
Calibration sources are chosen based upon their known output characteristics, where
the desired characteristics are determined by the application of the instrument and the
environment of interest [2]. Signal changes can be due to detector changes or real changes
in the remotely sensed object. Having a calibration source to characterize sensor response
domains of interest helps relate what is being measured, as stated by Tansock et al calibra-
tion can be used to relate a sensor’s output to “the true scene radiance” [3]. Calibration
ensures that the output of the instrument is consistent with previous measurements and to
ascertain the accuracy or precision of the instrument.
Recent studies at Pacific Northwest National Laboratories (PNNL) show promising
results for the use of quantum cascade lasers (QCLs) as calibration sources [4]. A review of
calibration sources and their operational properties will be discussed. For QCLs to be used
as calibration sources a precision current controller is needed. The controller designed with
help from Space Dynamics Laboratory (SDL) and PNNL will be discussed with focus on
the flight precision current controller. Taking an uncertainty analysis of the design yields
2promising results for precision current control for a QCL power output stability of at least
0.1%.
Fig. 1.1: NASA/SDL WISE satellite artist rendition (Wikipedia Commons).
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Calibration Sources
Calibration sources that are used on satellite systems are typically known as flight
calibration sources. Sources that produce controlled electromagnetic radiation at ultraviolet
(UV) to infrared (IR) wavelength can come in the forms of various light emitting devices.
These calibration devices can be a blackbody, a light emitting diode, or a laser.
2.1 Blackbodies
Blackbodies are idealized physical surfaces that absorb all incident light [5]. Their
radiation characteristics are calculated using fundamental laws of physics [6]. The radiation
from the blackbody is emitted according to Planck’s law, and changes with respect to the
temperature of the body [5]. Blackbodies are ideal emitters in the sense that they emit the
same or more energy at every frequency than other bodies will at the same temperature. A
blackbody is also ideal because it is a diffuse emitter, so the energy is radiated isotropically
or independent of direction. These blackbody sources come in different forms; the two main
forms are lamp or cavity sources.
A lamp blackbody would be a filament type light source, in which the filament changes
radiation spectrum according to its temperature. An example is a Stefan-Boltzmann lamp or
tungsten lamp, where the temperature of the filament is affected by the ambient temperature
and the electrical current in the filament [5, 7].
The key objective of a cavity blackbody design is to provide an isothermal emissivity-
enhancing cavity which uses minimal power to maintain stable temperatures [8]. The aper-
ture into the cavity should be small, and the coating inside the cavity should be a high
emissivity surface, where emissivity is the ability to emit energy by radiation. Surrounding
the exterior of the cavity, a temperature sensor and heater can be used to sense and control
4the temperature of the cavity. The heater could be a thermofoil heater and the temperature
sensor a platinum resistance thermometer, for example.
Limitations of using blackbodies are the mass, power, and size requirements. Black-
bodies can be used from the UV to the IR, but the radiation is typically less stable at UV
due to the high temperatures needed to operate at short wavelengths and the need to adjust
the opening to the cavity [6]. Blackbody sources typically take about an hour to stabilize to
the desired temperature in order to accurately operate at the desired output [9]. In order to
have a blackbody ready to be viewed by the instrument for calibration, it requires a stable
operating temperature prior to and during the calibration tasks. The device can be incon-
veniently large especially when using the cavity type of blackbody. For space applications
it is desirable to keep size, mass, and power to a minimum.
2.2 Light Emitting Diodes
Light emitting diodes (LEDs) are semiconductors that convert a forward electric current
into light. LEDs are made of p and n regions in various semiconductor materials with
carriers being injected across the junction and diffusing into the p and n regions. When the
minority carriers recombine with the majority carriers, this recombination gives rise to the
light emission. LEDs are designed by fabricating the pn junction with a semiconductor of
the type known as a direct-band gap material [10]. LEDs that are commercially available
operate in the 210 nm to 1 µm range. One of the limiting factors of using LEDs as calibration
sources is the availability of devices at mid-IR (MIR) to the far-IR (FIR) wavelengths.
2.3 Lasers
A laser is a device that emits light through a process of optical amplification based
on the stimulated emission of photons. One general classification that describes a laser is
the type of the gain medium. The gain medium is one in which population inversion is
created. A population inversion is the state where there are more molecules or atoms in an
excited state than in a lower energy state. A population inversion is achieved by pumping
the gain medium, which can occur by optical absorption, electrical current, or by another
5means of exciting the molecules or atoms [11]. Lasers require a population inversion to
obtain amplified optical emission. The gain media can be of various states: solid, liquid, or
gas [12]. The physical construction, electrical power feed, and the output power, as well as
the ability to operate in continuous or pulsed mode, are distinct for each type of laser [13].
The population of excited atoms in gas lasers can be obtained by having an electric
current discharged through the gas. They can produce high output power, depending on
the gas to be pumped. Another type of laser is a chemical laser. These lasers obtain
population inversion using the energy of a chemical reaction. Chemical lasers are mainly
used for cutting and drilling purposes as they can have an output power density in the
megawatts.
Semiconductor lasers are based on the gain media being the semiconductor, where the
optical gain is usually achieved by stimulated emission at an interband transition under
conditions of a higher carrier density in the conduction band. The gain medium is a semi-
conductor crystal or glass that can be doped, customized by introducing impurities, to the
requirements of the desired laser characteristics.
Lasers can either be operated in a pulsed mode or a continuous-wave (CW) mode.
The pulsed mode operates by pumping the gain medium in pulses. This may occur by
turning the driving current to the laser device on and then off in a semiconductor laser, for
example. They can also emit pulses by altering the quality or “Q” of the resonance cavity.
In a CW laser the pumping occurs continuously, as in a current set to a particular value, for
example. Some lasers are designed to operate in pulsed mode and some in continuous-wave
mode only, but many can operate with both driving techniques.
A majority of solid-state and gas lasers rely on narrow optical transitions connecting
discrete excitation energy levels. Semiconductor diode lasers rely on transitions between
energy bands in which conduction electrons and valence band holes recombine across the
band gap as seen in Figure 2.1. The band gap determines the emission wavelength of the
device [14].
6e−
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Fig. 2.1: Interband optical transition.
A unique type of the semiconductor laser is the QCL. A QCL makes use of discrete elec-
tronic states arising from the quantum confinement, normal to the layers, in nanometer-thick
semiconductor heterostructures grown by molecular beam epitaxy [14]. Quantum cascade
lasers use a periodic series of thin layers of varying material composition to form a superlat-
tice as shown in Figure 2.2. This superlattice introduces a varying electric potential across
the length of the device, which implies that there is a probability of electrons occupying
different positions over the length of the device material. This technology facilitates the
wavelength to be determined by the quantum confinement, which can be tailored, over a
wide spectral range from the MIR to the submillimeter wavelength region, “a portion of
the spectrum not easily accessible with diode lasers” [14].
QCL devices come in three main forms: Fabry-Perot (FP) QCLs, Distributed-feedback
(DFB) QCLs, and external cavity (EC) QCLs. These QCL devices have different charac-
teristics in how the gain media is used to determine the spectral output characteristics.
Fabry-Perot QCL devices are made by cleaving the ends of the superlattice gain mate-
rial forming mirrors for a Fabry-Perot resonator cavity. Because of the design of FP-QCLs,
they support multi-mode operation.
Distributed-feedback QCL devices are made in the same manner as FP-QCLs, except
that there is a reflecter built into the waveguide to isolate a single emission mode. An
7interesting characteristic of DFB-QCLs is that they may be tuned by changing the current
through the device to within 1% of the center wavelength [15].
The last type of QCL device is the EC-QCL. The EC-QCL device is made by cleaving
the ends of the crystal and then applying an anti-reflective (AR) coating on the ends. The
AR provides the ability to place the supperlattice gain medium inside an external resonator.
With the use of an external resonator the QCL may be tunable to greater than 35% of the
center wavelength [15,16].
With the superlattice design and wide optical gain spectrum, the QCL output can be
tailored to fit needs of many applications. In the case of using a QCL as a calibration source,
a desired output may be a narrow or wide bandwidth, depending on the application. A
FP-QCL, referred to as a multimode laser, has a broad band emission similar to the one
in Figure 2.3(a). A DFB-QCL design is a single mode laser. The output emission of a
DFB-QCL has a narrow spectral bandwidth as shown in Figure 2.3(b) [17]. Either type of
QCL can operate in the pulsed or continuous-wave mode. The EC-QCL spectral output is
determined by its external resonator.
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~ω
e−
~ω
e−
~ω
Fig. 2.2: Cascade transitions.
8(a) Fabry-Perot (b) Distributed-feedback
Fig. 2.3: Different quantum cascade laser spectral characteristics.
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Quantum Cascade Laser Control Electronics
QCLs require stable drive current and a constant temperature in order to maintain
stable power output. If the inputs to the QCL are not stable, the output characteristics of
the laser will not be stable or reproducible. If the drive current to the QCL changes during
operation, it can induce what is referred to as “beam steering.” Beam steering is usually
accompanied with a significant change in the spectral characteristics [18]. Any change in
change in drive current will affect the emitted power.
Temperature stability is also an issue for the QCL devices. Unlike early QCLs, which
operated at cryogenic temperatures, many QCLs on the market today are designed to
operate optimally at room temperature, which is approximately 300 K. If the driver provides
a stable output but the temperature changes, then the laser output will not be stable or
reliable. The two critical factors to consider in designing a QCL controller are the current
and temperature control.
3.1 PNNL QCL Current Controllers
Quantum cascade laser drive electronics are designed using transistor based technology,
for filtering and noise reduction, with current control circuitry [19–21]. The controllers also
achieve a low noise level using LC filter designs and other noise eliminating factors [22].
The PNNL current control performance noise levels achieved under CW operation is 1-2
ppm/◦C and under pulsed operation 15 ppm/◦C [22].
3.2 Laboratory QCL Temperature Controllers
Temperature control for most QCLs is based on a thermoelectric cooler (TEC) design
combined with a heat transfer system. The TEC is used to keep the temperature at an
10
accurate set-point while the heat transfer system is used to conduct heat to an exterior
heat sink. For use as calibration sources, QCLs should use a cooling system to keep the
temperature at a constant set-point.
A typical TEC control circuit is based on a set-point temperature (voltage reference)
and uses an H-bridge or power amplifiers to drive the current direction in forward or reverse.
When the TEC temperature goes above the set-point temperature, then the H-bridge or
power amplifiers will decrease the temperature by reducing or reversing the current direction
to the TEC [23].
11
Chapter 4
Quantum Cascade Laser and Test Station
To help understand QCLs and how to operate them a Fabry-Perot QCL from Thorlabs
was acquired. This QCL has maximum operating current of 1100 mA and power output of
500 mW.
4.1 Quantum Cascade Laser Specifications
The 4.55 µm QCL has a spectral response shown in Figure 4.1. This figure shows
a center wavelength at 4.61 µm with a bandwidth ∆λ ' 0.1 µm. The output power of
the QCL changes according to the amount of current through the device as shown in the
light-current-voltage (LIV) curve in Figure 4.2.
Fig. 4.1: M1013H spectral power density at CW (courtesy of Thorlabs).
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Fig. 4.2: M1013H LIV curve at CW (courtesy of Thorlabs).
The LIV curve shows the characteristics of the QCL. The threshold current can be
determined from the LIV curve. The threshold current is the current at which the QCL
begins to lase and is characterized by the power output of the QCL increasing at around
550 mA. After finding the threshold current, it is useful to find the slope efficiency of
the QCL. The slope efficiency is the slope of the power output to current input after the
threshold. Calculating the slope using current levels of 550 and 900 mA with associated
power outputs of 0 and 560 mW results in a slope efficiency of 1.02 W/A.
4.2 Test Station Setup
To gain experience with the QCL a test station was configured see Appendix A. The
test station configuration consists of a current controller, TEC controller, a water circulator,
computer, QCL mount, laser power meter, and a data acquisition unit (DAQ). A flow chart
of the test setup is seen in Figure 4.3. The test station facilitates the capability to measure
the QCL’s power output.
13
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Fig. 4.3: Test station flow chart.
In this test station National Instrument’s LabVIEW R© was used to create the software
for controlling the current levels to the QCL, and to log data points from the connected
devices see Appendix B for a view of the user interface. A test control sequence in the
LabVIEW R© program takes a set of desired current levels. For example a test sequence
can consist of [0, 0, 350, 450, 550, 575, 600, 625, 650, 0, 0, 0, 0] where each number is
representative of milliamps through the QCL. The program then takes this control sequence
and steps through it at a user specified interval. If the time is set to fifteen seconds then
the program steps through the control sequence at fifteen second intervals, for example.
The user specified interval should be long enough to allow for the temperature of the QCL
to stabilize to the temperature set point. A test sequence is repeated a number of times.
The recorded data points are then analyzed using MATLAB R©. A script in MATLAB R©
takes the last five seconds of each step to calculate average and standard deviations in the
QCL power output. These data facilitate the interpretation of power output stability and
14
repeatability.
The LabVIEW R© program can control the current in either CW or pulsed operation.
Studies at PNNL show that power output stability is better with pulsed operation [24].
Stability tests were also performed at USU in the pulsed operation mode. The resulting
power output stability at various frequencies are shown in Figures 4.4 and 4.5. These figures
show that the QCL power output is stabilized when running at modulated rather than CW
mode. These tests were repeated multiple times with the same result in each case.
QCL devices need to be stable to be considered as calibration sources. The published
results from PNNL and tests performed at USU both show that running QCLs in a pulsed
manner can produce a more stable power output than operation in CW mode. Therefore,
for QCLs to be used as calibration sources, it is generally best to operate them in pulsed
operation.
Fig. 4.4: Multiple frequency test average power.
15
Fig. 4.5: Multiple frequency test standard deviation of power.
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Chapter 5
Flight Electronics Design
5.1 Background of Flight Design QCL Driver
The precision QCL controller design uses PNNL’s design as a starting point. A com-
prehensive study was performed to ratify radiation hardened or space qualified electronic
parts for the design.
5.2 Flight Circuit Overview
A simplified schematic of the precision current controller for the QCL is shown in
Figure 5.1. Precautions were taken to ensure minimal drifts in voltages throughout the
system. This ensures long term stability of the overall system. Active filters are used
throughout the system to eliminate noise transients from the voltages sources to the sensitive
components. The goal is to achieve a QCL power output stability of 0.1% over a wide range
of environmental conditions.
5.2.1 Theory of Operation
Using a universal asynchronous receiver/transmitter (UART) protocol, commands are
sent to the field-programmable gate array (FPGA). The FPGA controls the address lines to
the mux/demux, based upon the received commands see Appendix C for FPGA simulations.
The address lines to the mux/demux are used to determine which voltage line will be used
from the precision resistor network voltage buffer. Using the voltage from the resistor
network voltage buffer the mux/demux then feeds this desired voltage level to the current
controlling amplifier the OP37S op-amp. The OP37S op-amp then takes the voltage from
the mux/demux and uses the voltage feedback from the 4-wire resistor to determine the
voltage at the gate of the MOSFET. The voltage applied to the gate of the MOSFET will
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UART FPGA
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D
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Precision
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−
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AVE
VREF GND
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Current
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IRF530N
4-WIRE RESISTOR
VREF
VREF GND
Fig. 5.1: Circuit overview.
determine the current through the MOSFET, which will be the same current through the
QCL and the 4-wire resistor. The mux/demux turns the QCL off when a ground voltage
is selected as the reference voltage. The selections of voltages above ground are associated
with a specific current level through the QCL. A pulsed mode is achieved by switching
between a channel having a voltage level greater than zero and ground. Controlling the
mux/demux enables the controller to facilitate operation in CW or pulsed modes with the
same circuitry.
5.2.2 Current Controller
The purpose of this circuit is to precisely control the current through the QCL. The
circuitry that controls this current is shown in Figure 5.2. The positive side of the OP37S is
fed a selected voltage reference. This voltage reference is compared to the voltage from the
top of the 4-wire resistor. If the voltage reference does not match the voltage at the top of
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the 4-wire resistor, then OP37S op-amp changes the gate voltage applied to the MOSFET
until there is a voltage match. For this current to be precise, the following sections will
describe ways to maintain precision in the system as to the current control for the QCL.
5.2.3 Mux/Demux Configuration
In Figure 5.1, it can be seen that the voltage from the mux/demux configuration is
the control signal for the current controller. The mux/demux configuration was designed to
compensate for any losses due to the on resistance of the mux. The diagram in Figure 5.3
will be used to derive equations and show how this compensation works.
In ideal op-amp theory, the voltage at the positive (Vp) and negative (Vn) terminals
is equivalent, which is expressed in Equation (5.1). The current into the positive (IP ) and
negative (In) terminals is zero as expressed in Equation (5.2).
Vp = Vn (5.1)
−
+
Vref
Vfb
C1
R1
R2
IRF530N
To QCL
R3VR3
+
−To VREF GND Op-Amp
V2
IQCL
Fig. 5.2: Basics of current control.
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−
+
Cfb
Rfb
Demux
Im2
Rm1
Rm2
Mux Im1
Ip
In
IzVn
Vo
Vm
Z
Fig. 5.3: Mux/demux diagram.
Ip = In = 0 (5.2)
Now finding the current through the mux (Im1) and demux (Im2) according to the ON
resistance is shown in Equations (5.3) and (5.4).
Im1 =
Vo − Vm
Rm1
(5.3)
Im2 =
Vm − Vn
Rm2
(5.4)
The capacitor and resistor are combined into one equivalent impedance as shown in
Equation (5.5) where S is the Laplace variable. Finding the current Iz is shown in Equa-
tion (5.6).
Z =
Rf
S · Cf ·Rf + 1 (5.5)
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Iz =
Vn − Vo
Z
(5.6)
Summing the currents into the negative terminal of the op-amp results in Equa-
tion (5.7). Inserting Equations (5.2), (5.4), and (5.5) into (5.7) will produce Equation (5.9).
In = Iz + Im2 (5.7)
0 = Iz + Im2 (5.8)
0 =
Vn − Vo
z
+
Vn − Vm
Rm2
(5.9)
The current in the mux and demux must be equal because they are connected in series
as shown in Equation (5.10). Using Equations (5.3) and (5.4) in Equation (5.10) results in
Equation (5.11). Solving Equation (5.11) for Vo results in Equation (5.12).
Im1 = Im2 (5.10)
Vo − Vm
Rm1
=
Vm − Vn
Rm2
(5.11)
Vo =
Rm1(Vm − Vn)
Rm2
+ Vm (5.12)
Using Equations (5.9) and (5.12) results in Equation (5.13) and solving for V m results
in (5.14). The relationship between the voltage out of the mux to that of Vp is reduced
to (5.15). From this calculation, it can be said that the voltage going into the mux config-
uration is the same as that of the voltage coming out. A unity gain buffer is then used to
buffer the voltage output of the mux/demux configuration, which feeds the voltage to the
OP37S as the reference voltage for the current set point.
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0 =
V n− Rm1(Vm−Vn)Rm2 − Vm
z
+
Vn − Vm
Rm2
(5.13)
0 = (Vp − Vm)z +Rm1 +Rm2
Rm2z
(5.14)
Vp = Vm (5.15)
5.2.4 Four-Wire Resistor
The use of a 2-wire resistor for current sensing would result in greater error in the
system. This error would come into play because copper can have a TCR of 3930 ppm/◦C
[25]. If the traces and leads were managed to have a resistance of around 10 mΩ then
the change in resistance would be associated to a 0.39%/◦C [25]. Using a 1 Ω current
sense resistor in association to the copper TCR will produce errors of 39 ppm/◦C, which
compromises the desired stability of the current controller. To greatly reduce this error a
4-wire resistor was chosen. This 4-wire resistor provides for the capability to compensate for
possible errors from the copper traces. A technique used by Taubman was used to measure
the ground side of the 4-wire resistor using the Kelvin connections [24].
5.2.5 VREF GND Network
The VREF GND is a Kelvin net, which is a network that draws minimal current, ensuring
minimal voltage drop and temperature-induced variations [24]. The VREF GND is used to
account for discrepancies due to the copper traces or wires after the 4-wire resistor to
ground. This proves useful as the bottom side of the 4-wire resistor is close to ground
facilitating VREF GND to act as the ground for sensitive circuits used to maintain stability
and precision. VREF GND is referenced to the ground side of the precision resistor network
and precision voltage reference using Kelvin buffers as shown in Figure 5.4. Kelvin buffers
are used to sample sensitive signals and compensate voltage drops in traces. For the Kelvin
buffer, the feedback resistor is generally larger than the output resistor. Kelvin buffers use
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traces that go to the same node shown as Destination Node in Figure 5.4. This ensures
proper feedback for compensation due to voltage drops in traces. The op-amps used for the
Kelvin buffers have high input impedance, generally greater than 10 MΩ, a low input bias
current, and low and stable voltage offset.
When the laser is operated in CW or pulsed modes VREF GND is generated by passing
the low side of the 4-wire resistor through an active low-pass filter. The use of VREF GND
as the ground reference for the precision voltage reference and precision resistor network
helps eliminate any errors in current measurement due to losses in the traces following the
4-wire resistor. This generation of VREF GND is easily shown for a CW mode because of a
unity gain in the filtering device, but when the operation mode is changed to pulsed, the
gain of the filtering device needs to change. The pulsed mode used in this case is for 50%
duty cycle square waves.
The pulsed mode generation of VREF GND takes the average of the waveform. The
average of the waveform is found by passing the signal through a low-pass filter targeted
with a corner frequency of 150 kHz and a third-order Bessel low-pass voltage-controlled
voltage-source filter at a corner frequency of 1.5 kHz [26]. The latter filter frequency is to
filter out the modulation frequency of 40 kHz or other frequencies greater than 1.5 kHz.
With the configuration for pulsed mode the active filter has a gain of two, which accounts
for the averaging of the pulsed signal. This design accounts for loss in the ground trace
from the 4-wire resistor. It provides precision voltage levels for the desired current through
the QCL and provides a stable QCL output.
−
+
Sin
Rfb
Rout Destination Node
Fig. 5.4: Kelvin buffer example.
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5.2.6 Electronics Study
Electronics used in flight designs should be qualified to be operational in the space envi-
ronment. This environment has many factors that can affect electronic functionality. These
factors include, but are not limited to, extreme temperature changes, vacuum, radiation,
and electromagnetic fields.
Electrical components that have been used on previous flight configurations with re-
sulting good performance are prime choices. Many components chosen for the design of
this current controller were used in past flight missions such as WISE, SABER, and others.
Some components used in the design follow the same fabrication process as space qualified
parts but do not carry certifications. The latter components were studied and selected for
budgeting reasons.
5.2.7 Key Components
Key components used in the reference design were an ultra-precision voltage reference,
an 18-bit low-noise digital-to-analog converter (DAC), a 1 pC charge injection 4-channel
multiplexer, an ultralow distortion ultralow noise op-amp, a power MOSFET with a total
gate charge of 11 nC, and an ultra-high precision Z-Foil power resistor with low temperature
coefficient of resistance (TCR).
Precision Voltage Reference
The ultra-precision voltage reference from Linear Technology, the LTZ1000A, was used
in the reference design. This device is very stable with a 2 µV/
√
kHr long term stability and
a drift of 0.05 ppm/◦C [27]. Although this device is not tested for the space environment
some research shows that it outperforms space qualified voltage references. According to B.
G. Rax et al. the LTZ1000A showed “that it is possible to obtain far better performance in
a radiation environment with alternative design approaches” [28]. Due to the performance
of this device it was decided to use the same precision voltage reference.
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Creating the Precision Voltage Levels
The reference design used an 18-bit (DAC). This 18-bit low-noise DAC provides for a
dynamic range of voltages to be used for current control, but it is not designed for the space
environment. This device also supports using a voltage reference and reference ground,
which is a useful feature that allows for compensation due to ground reference changes.
Space qualified DACs are either limited in available bits or their cost exceeded the
project budget. After considering this issue, it was decided to create a custom resistor
network to produce the desired voltage outputs.
Creating a custom network is simple in theory, but resistors can be noisy and can
change resistance with a change in current, temperature, voltage, or a combination thereof.
With these changes in mind it was decided to discuss the matter with some experts at
Vishay Precision Group. The discussion with Vishay led to a decision to use one of their
custom packages, where a custom resistor network may be designed with a given criteria.
This custom resistor network is made up of Ultra high precision Bulk Metal R© Z-Foil chip
resistors with a TCR of 0.05 ppm/◦C. Having a custom resistor network in the same package
has the advantage of temperature tracking between the resistive elements, rendering the
effects of TCR insignificant.
Selecting the Precision Voltage Levels
The decision to use a resistor network to produce the precision voltage levels created
need for a multiple input multiplexer. After some consideration it was decided the 16 inputs
would be sufficient. This allows for 15 different voltage levels plus ground. The search for
a multiplexer resulted in the HS1840ARH, which can operate at the desired modulated
frequencies or CW modes. The propagation delay of the output of the HS1840ARH is
approximately 0.6 µs, about 3 to 4 times larger than the multiplexer used in the reference
design.
The HS1840ARH was tested under various temperature conditions to verify that the
rise and fall times of the device would preserve the integrity of a square wave at 40 kHz.
The results of the tests are shown in Table 5.1 and Figures 5.5 and 5.6, which validates
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that there is about a 1 ppm/◦C delay on the rising edge and falling edge compared to the
input signal.
Low-Distortion Op-Amp
The op-amp used in the design was required to have a around a 12.5 V/µs slew rate,
and a 120 dB common-mode rejection ratio (CMRR). These factors led to the selection of
the OP37S, which has a minimum slew rate 11 V/µs and CMRR of 114 dB.
Table 5.1: HS1840ARH temperature results.
Temp Prop Delay 1 Prop Delay 2 Pos Width Sample Size
MEAN STD MEAN STD MEAN STD
−20 ◦C 0.2134 µs 2.4260 ns 0.3134 µs 1.6260 ns 12.643 µs 3.5050 ns 5.213k
25 ◦C 0.2531 µs 1.6080 ns 0.3556 µs 3.3490 ns 12.643 µs 3.9950 ns 2.165k
60 ◦C 0.2938 µs 1.9480 ns 0.4030 µs 3.7910 ns 12.651 µs 5.3000 ns 7.932k
80 ◦C 0.3037 µs 2.8330 ns 0.4095 µs 3.4400 ns 12.650 µs 5.5470 ns 5.208k
Fig. 5.5: Mean of first and second propagation delays.
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Fig. 5.6: Standard deviation of first and second propagation delays.
Due to the cost of the OP37S, it was decided to use the device in the same family with
the part number OP37GPZ, which turns out to be identical in performance to the OP37S
except for the price of the product. In this instance a space qualified part was chosen and
then a commercial part was used with an identical specification.
Current Controlling
The selection of a metal-oxide-semiconductor field-effect transistor (MOSFET) having
a high current rating and a low input capacitance that is space qualified is limited. The
IRHNJ67234 was selected which has gate charge of 37 nC compared to the 11 nC of the
commercial part used in the reference design. Again, this part was used as a basis for
finding a commercial part to use in the prototyping of the current controller.
The final decision to use the IRF530NPBF, which has a total gate charge capacitance
of 37 nC, will show that a MOSFET with this gate charge can be controlled efficiently
using a modulated signal greater than the 1.5 kHz.
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Current Sense Resistor
The QCL calibration source may draw up to an amp of current. This could result in
large power dissipation in the sense resistor. It is desirable to limit power consumption
in a circuit intended for space application. Therefore, a 1 Ω sense resistor was chosen to
reduce the power dissipation in the board. The package chosen for the space application
is a hermitically sealed 1 Ω resistor in a 4-pin package, the hermitic sealing helps preserve
performance even in vacuum environments where out gassing may be an issue.
Other Components
All other components in the design could use space qualified parts. Some components
such as passive components are all commercial or military level devices. The main concern
is active parts, since they will change characteristics due to the space environment.
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Chapter 6
Flight Electronic Simulations and Uncertainty Analysis
After the design of the QCL controller, simulations using LTspice were performed to
analyze the output noise of the electronics. Simulations were useful in determining the
finalized controller design.
6.1 Quantum Cascade Laser Controller Simulations
Simulations were performed on the current controller to prove the control concept, and
analyze noise characteristics with pulsed and CW operation. The results of the current
control simulations showed the ability to limit the noise to below 25 µV or 25 µA.
6.2 Noise Output of Active Filters
Active filters based on capacitance multipliers were designed using PNNL’s design as a
starting point. The active filters are used to reduce the noise at the frequency of operation,
and isolate noise from going back into the voltage supplies. The noise performance at
frequencies approaching 1 kHz are about 350 nV. At frequencies greater than 1 kHz, the
noise drops very quickly. At frequencies greater than 6 kHz the noise is about 2 nV. See
Appendix D for simulations and results. With the pulsed mode running at 40 kHz the noise
of the voltage inputs to the operational amplifiers is approximately 2 nV. This ensures that
the noise on the power rails of the device is not a significant factor for the amplifiers.
6.3 Monte Carlo Temperature Noise Analysis
A Monte Carlo temperature noise analysis was simulated on the current design. This
noise analysis takes into account the critical parts of the circuitry with special attention on
the precision resistor network and the current sense resistor. The resulting noise analysis
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showed a variation of ± 200 ppm/◦C in error output from the measured error of 12 µV at
40 kHz.
6.4 Uncertainty Analysis of Laser Power Output
In analyzing the current through the QCL it can be assumed that the power output
is averaged as the current is being modulated. The variable of interest is Pmeas, which
is the measured output power of the QCL. Using the slope efficiency (K1) and threshold
current (K0) as defined in Section 4.1 with the sensitive components (Hchar) and sense
resistor (Rsense) a transfer function can be formed. The flow for the formation of the
tranfer function can be seen in Figure 6.1.
The derivation of the transfer function with focus on sensitive components results in
Equation (6.1). Hchar is defined by Equation (6.2) with terms defined as follow:
Zener Refer-
ence Voltage
(VZ & RZR)
Zener Reference
Buffer (GZBuf
& VZBuf Bias)
VRef Pos
Precision Re-
sistor Network
(R1 n & Rn m)
High Input
Impedance Op-
Amp (GKB
& VKB Bias)
Kelvin Buffer &
Mux Configuration
(GMuxMatch)
Buffer Mux
Output (GMuxBuf
& VMuxBufBias)
V to I Feedback
Loop Conversion
(GV I & RSense)
Measure Power
(K1 & K0)
VRef Gnd
Fig. 6.1: Transfer function flow chart.
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• GV I , gain of the voltage setpoint to the current through the MOSFET,
• GMuxBuf , gain of op-amp buffer after mux,
• VMuxBufBias , op-amp buffer bias voltage,
• GMuxMatch , difference in mux/demux on resistance,
• GKB , gain of kelvin buffer op-amps,
• VKB Bias , kelvin buffer op-amp bias voltage,
• REF , operating voltage level for current control,
• R1 n , precision resistor values 1 through n,
• Rn m , precision resistor values n through m,
• GZBuf , gain of zener voltage buffer op-amp,
• VZBufBias , buffer op-amp bias voltage,
• VZ , zener voltage,
• RZR , precision resistor after zener,
• IZ , current through zener,
Pmeas = K1
(
Hchar
RSense
)
−K0 (6.1)
Hchar = GV I [GMuxBuf [GMuxMatch [GKB [REF ] + VKB Bias] + VMuxBufBias]] (6.2)
REF =
(
R1 n
R1 n +Rn m
)
[GZBuf (VZ +RZRIZ + VRef Gnd) + VZBufBias − VRef Gnd] (6.3)
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From this transfer function a sensitivity vector S is defined as the deviation of each
parameter due to temperature. Taking partial derivatives of the transfer functions facilitates
the formation of a covariance matrix. With the covariance matrix and sensitivity vector the
overall uncertainty is expressed in Equation (6.4).
(dPmeas)
2 = S · CV · ST (6.4)
The numerical evaluation of Equation (6.4) results in a power uncertainty of 20 µW/◦C
at a power output of 233 mW. For a power output of 410 mW the uncertainty becomes
25 µW/◦C. When the QCL is operated at the maximum power output of 500 mW, the
uncertainty is approximately 27 µW/◦C, which calculates to a stability of 0.005%/◦C. This
analysis shows that the QCL output can be kept well within a 0.01%/◦C of power output
stability. The calculated stability facilitates a temperature change of ± 10 ◦C and still be
within the 0.1% power output stability goal.
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Chapter 7
Conclusion
This research shows that QCLs can be used as calibration sources in space flight ap-
plications. In order to use a QCL as a calibration source, it requires a precision current
controller that has minimal errors due to temperature variations. The controller should
operate in both CW and pulsed modes to allow for further studies into the best driving
technique for the QCL to be used as a calibration source. With a very stable voltage and
current control the reproducibility and stability of QCLs is improved greatly allowing them
to be used as a calibration source. The uncertainty analysis shows the ability to control the
QCL’s power output to well within the desired 0.1 % with a ± 10 ◦C change in the current
controller electronics.
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Appendix A
Test Station
A.1 Test Station View 1
Figure A.1 shows the lab setup of the test station.
A.2 QCL Mount and Power Meter Head
Figure A.2 shows the QCL mount, Laser Power meter encased with a water jacket, and
the commercial QCL current controller.
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Fig. A.1: Test station.
39
Fig. A.2: Cooler with QCL mount and power meter head with water jacket.
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Appendix B
LabView
Figure B.1 shows the front panel of the LabView R© program used to control the lab
equipement for the QCL tests.
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Fig. B.1: LabView front panel.
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Appendix C
FPGA Simulations
This section reviews the simulation results. Figure C.1 shows a simulation with no
errors in parity or communication. Figure C.2 shows a simulation with a parity error as-
sociated with FPGA response. Figure C.3 show the modulation frequency of 40 kHz. Fig-
ure C.4 shows a change in modulation frequency to 60 kHz. Figure C.5 show an overcurrent
event and the result of the FPGA control.
43
C
h
a
n
n
e
ls
C
lo
ck
 a
n
d
 R
e
se
t
In
p
u
t
O
u
tp
u
t
1
7
8
0
 u
s
1
8
0
0
 u
s
1
8
2
0
 u
s
1
8
4
0
 u
s
1
8
6
0
 u
s
1
8
8
0
 u
s
1
9
0
0
 u
s
1
9
2
0
 u
s
C
h
a
n
n
e
ls
/c
o
n
tr
o
l_
te
st
/a
0
/c
o
n
tr
o
l_
te
st
/a
1
/c
o
n
tr
o
l_
te
st
/a
2
/c
o
n
tr
o
l_
te
st
/a
3
C
lo
ck
 a
n
d
 R
e
se
t
/c
o
n
tr
o
l_
te
st
/c
lk
re
se
t_
in
In
p
u
t
v
b
u
s_
se
n
se
o
v
e
r_
cu
rr
e
n
t_
in
co
n
ti
n
u
e
_
in
se
ri
a
l_
in
O
u
tp
u
t
se
r_
d
a
ta
_
o
u
t
o
v
e
r_
cu
rr
e
n
t
h
e
a
rt
E
n
ti
ty
:c
o
n
tr
o
l_
te
st
  
A
rc
h
it
e
ct
u
re
:r
tl
  
D
a
te
: 
T
u
e
 D
e
c 
0
3
 9
:2
7
:2
5
 A
M
 M
o
u
n
ta
in
 S
ta
n
d
a
rd
 T
im
e
 2
0
1
3
  
 R
o
w
: 
1
 P
a
g
e
: 
1
U
s
e
r
c
o
m
m
a
n
d
F
P
G
A
re
s
p
o
n
s
e
,
n
o
e
rr
o
rs
in
re
c
e
iv
e
d
d
a
ta
Fig. C.1: ACTEL simulation of the FPGA code with no error.
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Fig. C.2: ACTEL simulation of the FPGA code with parity error.
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Fig. C.3: ACTEL simulation of the FPGA code with frequency change.
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Fig. C.4: ACTEL simulation of the FPGA code with first and second.
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Fig. C.5: ACTEL simulation of the FPGA code overcurrent status change.
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Appendix D
Electronics Simulations
D.1 Active Filter
D.2 Active Fitler Simulation Results
Using a capacitence multiplier design an active filter was designed to reduce the noise
of the power rail inputs of sensitive devices. Simulation results for the active filter result
are in Figure D.1.
D.3 Current Control Simulation
Figure D.2 shows the output voltages of the mux and voltage above the current sense
resistor.
D.4 Current Control Noise Output
Figure D.3 displays the simulated output noise of the voltage of the current sense
resistor.
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Fig. D.1: Filter simulation results.
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Fig. D.2: Current controller output.
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Fig. D.3: Current control noise output.
